Storing, transporting and manipulating information using the electron spin resides at the heart of spintronics. Fundamental for future spintronic applications is the possibility to control spin currents in solid state systems. Among the different approaches, the use of semiconductors with strong spin-orbit interaction promises fast and scalable spin control with all-electrical methods.
The generation and detection of spin currents in nanostructures is a persistent challenge in semiconductor spintronics. On the one hand, spin currents cannot be easily achieved magnetically by coupling semiconductors to ferromagnets [1] , because of the lack of control over material interfaces [2] . On the other hand, magneto-electric alternatives exploiting e.g. the celebrated spin Hall effect (SHE) [3, 4] , have delivered so far only qualitative measurement protocols in semiconductors. Indeed, non-local voltage signals fluctuate from sample to sample by orders of magnitude, making it difficult to calibrate such a spin current (or accumulation) meter [5] . As yet another alternative, spin polarizing a quantum point contact (QPC) with a magnetic field allows for a quantitative control over spin current generation and detection at the nanoscale [6] [7] [8] . However, this approach requires such high magnetic fields (6 − 8 Tesla) that the desired magneto-electric spin-orbit interaction (SOI) effects are either suppressed or at least strongly affected.
In this article we develop experimental methods circumventing these problems and show how to electrically generate and measure a spin current in a large quantum dot with very strong SOI. The spin current generation is based on a mesoscopic version of the SHE [9, 10] .
It does not require magnetic field nor ferromagnets, but only relies on SOI acting on electronic currents. We find that the generated spin currents are furthermore mostly determined by the nanostructure geometry [11] , which makes them robust against decoherence and mesoscopic fluctuations. The spin current detection requires magnetic fields roughly an order of magnitude smaller than those needed to fully polarize a QPC, which barely affects the generated spin currents, given the large SOI in our system. The calibration of our spin current meter only requires a standard QPC conductance quantization measurement. The voltage signal is then converted to units of Ampère for the underlying spin current. The two major advances of nanoscale spintronics we report here are independent of each other.
In particular, the detection method can be used to measure spin currents of other origins.
Generation. We use an approach theoretically proposed in Refs. [9, 10] , where part of a charge current flowing through a SOI coupled nanostructure is converted into a spin current, if the spin-orbit time is shorter than the electron dwell time. Because of the similarity to the conventional SHE, this mechanism is called mesoscopic SHE (mSHE). In contrast to the former, the generated spin current is characterized by universal sample-to-sample fluctuations [9, 10, 12, 13] . In addition to those results, Ref. [11] showed that geometric correlations in spin dynamics lead to spin currents with predictable non-zero average increasing with stronger SOI. This is desirable for applications, where the generated spin current should be reproducible regardless of the microscopic details of the sample.
Detection. We employ the measurement scheme proposed in Ref. [14] , which considers an open three-terminal quantum dot. Each lead i carries N i spin degenerate modes and terminal 3 is a QPC traversed by a spin current. The QPC is tuned to a zero-field conductance of e 2 /h (N 3 = 0.5) and connected to a high impedance voltage amplifier measuring the voltage V 3 . Applying a weak in-plane magnetic field B, the presence of the spin current in the QPC reflects itself in an antisymmetric component of
. Furthermore, at B = 0 the derivative ∂ B V 3 , which we call the spin-to-charge signal, is proportional to
, the QPC spin current with polarization along the direction of the applied magnetic field. Using the detector as a floating probe, as we do here, results in I
being a pure spin current, arising as two counter-propagating and reversely spin-polarized charge currents of equal magnitude. The spin-to-charge signal strength is set by the QPC g-factor g, and its
(1) below, and Supplementary Information for the derivation [15] ]. Finally, the validity of the spin-to-charge conversion is restricted to the linear response regime, and to the terminal 3 being a weak probe, condition quantified
Motivated by the above theory, we realize a three-terminal chaotic cavity embedded in a p-type GaAs two-dimensional hole gas (2DHG) with strong Rashba SOI [15] . Running a charge current I between terminal 1 and 2, we expect a pure spin current in terminal 3
originating from the mSHE. It should be seen as a pronounced asymmetry in V 3 (B) [14] , which we indeed observe. In addition to this simple observation, we investigate the behavior of the spin-to-charge signal as a function of the terminal 3 conductance, g-factor, cavity aperture, charge current amplitude and temperature. Each item of this list provides an independent check, which all support the interpretation of the spin current origin of the measured signal, as we show below. The amplitude of the measured spin current is in agreement with theoretical predictions [11] .
An atomic force micrograph of one of our samples is shown in Fig. 1(a) , where dark lines indicate insulating trenches. The cavity lacks any spatial symmetry and consists of three QPCs and five in-plane gates, named QPC i and g j respectively, as shown in Fig. 1(a) conductance of QPC 1 and QPC 2 , but also affect the cavity shape. The lateral extent of the cavity is about 2 µm, the hole mean free path l e = 4.8 µm and the spin-orbit length l SO = 36 nm [15] . Spin rotational symmetry is then completely broken and, with such a strong SOI, our cavity is in the so-called spin chaos regime [11] . SOI is at least two orders of magnitude stronger in our cavities than in previous studies done on n-type GaAs [16] [17] [18] .
A quantitative estimation of the spin current amplitude requires a calibration of the spinto-charge conversion. This is performed via an independent measurement of the detector QPC conductance up to high magnetic field. The conductance G 3 of QPC 3 is shown in The electrical setup for the spin-to-charge conversion, when QPC 3 is used as detector, is depicted in Fig. 1 The large reservoirs around the cavity have a negligible resistance. The cavity resistance R C is therefore symmetric upon magnetic field reversal, both in the slowly varying background and in the CFs, as expected from a two-terminal measurement in the linear regime [20] .
V 3 /I is, on the contrary, strongly asymmetric (see Fig. 1(f) ). We first focus our attention on the slowly varying background of V 3 (B), where finite average spin currents due to geometric correlation are expected [11] . We will discuss the nature of the high frequency CFs below.
The spin-to-charge signal is extracted from Fig spin-to-charge conversion signal is expected to be proportional to the normalized QPC 3 transconductance, we compare ∂ B V 3 /I (markers) with ∂ V G 3 /G 3 (solid line). Despite the large error bars introduced by the CFs, in Fig. 2 A horizontal shift of about 50 mV between ∂ B V 3 /I and ∂ V G 3 /G 3 is visible in Fig. 2 (a), (b) and (c). The shift is attributed to the anomalous magnetic field sensitivity of p-type QPCs [21] . As shown in Fig. 2(b) , the points of strongest magnetic field dependence of G 3 do not correspond to the points of strongest gate-voltage dependence, as assumed in Ref. [14] , but are slightly shifted to more negative gate voltage.
We carefully checked that our results do not depend on the CFs pattern first by changing g 1 , g 2 and g 3 while keeping N 1 and N 2 constant, second by applying a strong voltage asymmetry on g 4 and g 5 . In both cases, the CFs are completely changed without a significant modification of ∂ B V 3 extracted as just discussed. In Fig. 2(a) we include a measurement performed during a different cool-down (squares) [19] using the same cavity parameters.
Despite the completely different CFs fingerprint, an identical result for ∂ B V 3 /I is obtained, proving the robustness of the measured effect.
The magnetic field sensitivity of the detector QPC is a key ingredient for the spinto-charge conversion. Using a detector QPC with vanishing Zeeman splitting (g = 0) is expected to result in a vanishing ∂ B V 3 /I, regardless of the spin current amplitude and the robustness of the spin current generation mechanism. We checked this prediction in the two ways shown in Fig. 3 . In Fig. 3(a) we modified the measurement scheme such that the current flows from QPC 1 to QPC 3 and QPC 2 is used as the detector. QPC 2 is characterized in Ref. [21] , and the first mode shows g = 0. As expected, ∂ B V 2 /I vanishes for N 2 → 0 for two different cavity shapes (dots and squares respectively). In Fig. 3(a) we kept the measurement scheme as in Fig. 1(a) , but rotated the sample by 90
• in the plane of the 2DHG, to have the magnetic field perpendicular to QPC 3 . Due to the well known g-factor anisotropy of p-type QPCs [21, 22] , an in-plane field perpendicular to the QPC axis does not lead to Zeeman splitting, resulting in g = 0 for every mode. The latter is a particularly powerful approach as it leaves the zero-field spin current unaltered and only suppresses the spin-to-charge conversion efficiency. In Fig. 3(b) , (c) and (d) we show three of such measurements for the same mode configurations as in Fig. 2(b) , (c) and (d). In all the three cases ∂ B V 3 /I is always comparable to the background level of Fig. 2 and uncorrelated to
, proving the importance of a magnetic field sensitive measurement lead.
The validity range for the spin-to-charge conversion effect, as discussed in Ref. [23] , is limited to the linear transport regime, estimated to break-down in our samples for currents of a few nA. As a linear effect, in the limit of small drive current I, the ratio ∂ B V 3 /I is expected to be independent of I. The electrical current dependence of the spin-to-charge signal is shown in Fig. 4(a) for the same configuration as Fig. 2(a) and N 3 = 0.5. Remarkably, the value of ∂ B V 3 /I is found to be independent of I for I < 5 nA, corroborating the hypothesis that the slope in V 3 (B) is a linear effect. For currents higher than 5 nA, in addition to sample heating, we enter the non-linear transport regime where ∂ B V 3 /I is not necessarily
As we have shown, the measured spin-to-charge signal reflects a robust property of the system and is not linked to CFs. A further confirmation of the different physical origins between CFs and the slope in V 3 (B) is obtained by measuring their temperature and current dependence. Fig. 4(b) shows the spin-to-charge signal ∂ B V 3 as in Fig. 2 (a) (blue dots) for different temperatures. Increasing the temperature, CFs in V 3 are quickly suppressed, until V 3 tends to a smooth background with ∂ B V 3 /I ≈ 20 ΩT −1 , as also visible in Fig. 1(f) . The
CFs are phase coherent effects, similar to the universal CFs originating from electrostatic cavity shape distortion and magnetic flux penetration [24] or from a purely in-plane field as a consequence of the asymmetric and finite-width confinement potential [25] . Coherent contributions are almost entirely suppressed at T = 530 mK, which is a standard temperature scale for the disappearance of coherent effects in quantum dots with few open channels [26] .
The average signal on the other hand is more resistant to temperature increases because of its classical, diffuson-like origin [11] . At T = 530 mK we still recover the same gate dependence of ∂ B V 3 /I as shown in Fig. 2(a) , but with a reduction in peak-to-peak height by a factor of 15. The signal eventually disappears entirely at higher temperature because of the ensuing energy-averaging, affecting also the geometric correlation corrections. Furthermore, for T > 600 mK, G 3 loses the step-like behavior (hence its energy sensitivity), becoming a smooth function of the gate voltage.
As discussed in the context of the mSHE, CFs might also reflect the presence of mesoscopic spin CFs [9, 10, 12, 13] . Although the CFs occasionally show a finite zero field slope (see Fig. 1 (f)), it was not possible to univocally assign them to spin related or orbital effects, not considered in Ref. [14] . In particular we could not test the QPC 3 transmission dependence of ∂ B V 3 /I for single CFs due to the influence of g 4 and g 5 on the cavity shape.
In the following we quantify the amplitude of the spin current from the spin-to-charge signal and compare it with theoretical predictions on geometrical correlation induced spin currents. From ∂ B V 3 /I = 60ΩT −1 for N 3 = 0.5, we calculate a spin current [14] :
where the harmonic potential and the g-factor of the first QPC 3 mode were measured to bē hω = 0.46 meV and g = 0.27, respectively. The spin transmission of QPC 3 calculated for a three-terminal cavity in the spin chaos regime is [11] :
To evaluate this expression we used ξ = 1, appropriate for a ballistic dot, N 1 = N 2 = 4, by QPC 3 itself, the expected spin current is:
for a charge current of 4 nA, in reasonable agreement with our measurement. The 4% spin current generation efficiency of our setup is considerably higher than previous reports on the SHE in metals and semiconductors [4] . As shown by Eq. 2, the spin conductance depends on N 3 , allowing larger spin currents to be generated by opening QP C 3 further. However, since the detection scheme requires N 3 = 0.5, we could not probe this scenario.
In conclusions, we demonstrated all-electrical generation and measurement of a pure spin current in a semiconductor nanostructure with strong SOI. In agreement with theoretical predictions of mesoscopic cavities in the spin-chaos regime, the spin current generation efficiency is comparably high and largely independent on sample parameters.
SUPPLEMENTAL MATERIAL
In this Supplemental Material section we provide additional information on the wafer structure used for the experiment and on the techniques adopted to measure the sample.
We provide an analytical treatment of the spin-to-charge conversion effect directly applicable to our experiment and we discuss its dependence on the detector QPC conductance.
Materials and Methods
The two-dimensional hole gas (2DHG) in use consists of a 15 nm GaAs quantum well resulting in a Rashba parameter β = 1.4 × 10 −28 eVm 3 [28] . The spin-orbit length, defined as the length scale over which the electron spin rotates by 2π is calculated, as in Ref. [11] , The two devices showed quantitatively comparable behavior, reproducible over multiple cool-downs. In the main text we show data from a single sample, characterized by a larger tunability of the three QPCs used as leads.
Spin-to-charge conversion
We review here the theoretical basis for the spin-to-charge conversion effect in a threeterminal mesoscopic cavity as the one depicted in Fig. 1(a) of the main text. We extend the theory presented in Ref. [14] to prove the proportionality between ∂ B V 3 /I and ∂ V G 3 /G 3 .
The cavity under consideration has three contacts (labeled 1,2 and 3), and each of them is at a voltage V i and carries N i spin degenerate modes. We consider the situation where to zero at zero magnetic field, or by leaving it floating and connected to a volt meter that measures V 3 . In the first case the application of a magnetic field will make the current vary from zero, in the second case the current will always remain zero and the measured V 3 will vary. As we will show in the following, the zero field spin current I (S) 3 in contact 3 is directly proportional to the zero-field derivative of I 3 or V 3 with respect to the in-plane magnetic field:
where ω, µ, T
33 are QPC parameters that can be easily measured. Their meaning will be made clear later on.
In the following theoretical treatment we do not include the presence of any orbital effect.
The latter assumption can be partially achieved if no out-of-plane magnetic field is applied.
An in-plane field can give rise to other orbital effects [25] , that will not be accounted for in this section. We will always consider that the voltages applied to the system are within the linear response regime (i.e. small compared to other energy scales). The generic current
at a contact i can be calculated using Landauer-Büttiker formalism, resulting in:
where i = 1, 2, 3 denotes the leads and α = 0, x, y, z denotes the spin polarization of the current. The generic transmission coefficient is:
where σ (α) are spin matrices, with σ (0) the identity matrix. The 2 × 2 matrices t m,n indicate the probability of an electron entering the cavity from the n-th mode of QPC j to exit the cavity from the m-th mode of QPC i, their elements t σσ m,n take into account spin flipping. It can be shown that the transmission coefficients for charge and spin are:
The transmission probabilities from contact 1 or 2 to contact 3 are assumed to take the form:
hence they can be separated into a spin dependent part and an energy dependent part.
The spin affects the second term only via Zeeman energy. In Eq. 10 it was assumed that the QPC has high energy sensitivity, hence Γ (E F − σµB) varies faster than τ σσ 3i (B) with B. τ σσ 3i (B) are phenomenological parameters, describing the spin transmission of the QPC when it is fully open. Eq. 10 is valid only in the limit when an electron reflected back in the cavity from contact 3 has a negligible probability to come back to contact 3 again. This limit is achieved when N 1 , N 2 N 3 .
Using Landauer-Büttiker expression for charge and spin current through contact 3 one has:
Imposing I 3 (0) = 0 allows to find an analytical form for the spin current:
Equations 4 for I (0) 3 = 0 respectively. For obtaining a simpler analytical form of these expressions we will make an assumption of the QPC transmission Γ. The general results of this theory does not depend on the specific choice of Γ. The energy dependent transmission probability in the QPC is given by the saddle point model [29] :
The partial derivative of the QPC transmission with respect to magnetic field is:
This allows us to write the magnetic field derivative of the charge transmission coefficients
3i in terms of spin transmission coefficients T
3i :
= µT
In the middle of the first slope in the QPC conductance, the energy sensitivity is maximal and it results (V g = E F ):
The zero-field derivative of the charge current is (V 1 , V 2 , V 3 are constant): 
Eq. 4 is obtained solving Eq. 26 for I
3 . Similarly, the zero field derivative of V 3 is: 
In the point of highest energy sensitivity we have: 
We can apply the approximation from Eq. 10 to Eq. 12, finding a relation between I S 3
and Γ:
Combining the last three equations we get the expression:
where C is a prefactor containing the voltages V i and the coefficients τ σσ 3i . It is assumed to be constant with respect to gate voltage. The results obtained here can be summarized with the following proportionality relation:
It is worth reminding that Eq. 32 is valid in the limit N 1 , N 2 N 3 and N 3 ≤ 1 and the coefficients τ σσ 3i are supposed to weakly depend on magnetic field. In the absence of SOI, reversing the magnetic field direction reverses the sign of the spin polarization S. In this case τ 
